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Abstract: On sub-Antarctic Marion Island, wandering albatross (Diomedea exulans) nests 20 
support high abundances of tineid moth, Pringleophaga marioni, caterpillars. Previous work 21 
proposed that the birds serve as thermal ecosystem engineers by elevating nest temperatures 22 
relative to ambient, thereby promoting growth and survival of the caterpillars. However, only 23 
17 days of temperature data were presented previously, despite year-long nest occupation by 24 
birds. Previous sampling was also restricted to old and recently failed nests, though nests 25 
from which chicks have recently fledged are key to understanding how the engineering effect 26 
is realized. Here we build on previous work by providing nest temperature data for a full year 27 
and by sampling all three nest types. For the full duration of nest occupancy, temperatures 28 
within occupied nests are significantly higher, consistently by ca. 7°C, than those in 29 
surrounding soils and abandoned nests, declining noticeably when chicks fledge. Caterpillar 30 
abundance is significantly higher in new nests compared to nests from which chicks have 31 
fledged, which in turn have higher caterpillar abundances than old nests. Combined with 32 
recent information on the life history of P. marioni, our data suggest that caterpillars are 33 
incidentally added to the nests during nest construction, and subsequently benefit from an 34 
engineering effect.  35 
 36 
Key words: abundance, detritivore, development, microclimate, soil biology, survival, 37 
thermal biology  38 
  39 
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Introduction 40 
Ecosystem boundaries are seldom impermeable. For example, extensive transfer of nutrients 41 
and energy takes place from terrestrial systems to the ocean, driving high primary and 42 
secondary marine productivity (Cloern et al. 2014). Similarly, terrestrial ecosystems receive 43 
marine-derived nutrients from aerosols, shore drift of algae and carrion, marine mammals, 44 
and seabirds (Polis et al. 2004). Seabirds, in particular, are important mediators of these 45 
interactions. They transfer energy and nutrients from the marine system when they come 46 
ashore to breed, moult or rest (Polis et al. 1997, Sànchez-Piñero & Polis 2000), and in so 47 
doing substantially influence ecosystem structure and function (Sánchez-Piñero & Polis 48 
2000). 49 
Seabirds also influence terrestrial systems in other ways, particularly as ecosystem 50 
engineers. The latter are organisms that modify resources available to other species by either 51 
their presence or actions, and in so doing create, modify or maintain habitats (Wright & Jones 52 
2006). Seabirds make their ecosystem engineering contribution largely through the 53 
excavation of burrows and the construction of other forms of nests. These may result in the 54 
displacement of tons of material, creating new habitats for a range of other organisms 55 
(Bancroft et al. 2005).  56 
On sub-Antarctic islands, seabirds are important in transferring nutrients from the sea 57 
to terrestrial systems (Smith 1978, Joly et al. 1987, Erskine et al. 1998). From burrowing 58 
petrels to the larger penguins and albatrosses, all surface and sub-surface nesters make 59 
significant nutrient transfers (Smith 2008), with profound influences on ecosystem structure 60 
and function (Crafford & Scholtz 1986, Joly et al. 1987, Gabriel et al. 2001, Vincke et al. 61 
2007, Moravcová et al. 2010).  62 
More recently, Sinclair & Chown (2006) proposed that the wandering albatross, 63 
Diomedea exulans L., serves as a thermal ecosystem engineer for caterpillars of the 64 
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detritivorous, tineid moth, Pringleophaga marioni Viette. Caterpillar biomass is on average 65 
higher in recently abandoned albatross nests, and varies less among nests than it does in other 66 
habitats or older albatross nests occupied by the moth caterpillars. Because nutrient 67 
availability does not differ appreciably between newer and older nests, it was suggested that 68 
the increased temperatures in the albatross nests favour caterpillar growth and survival in 69 
occupied nests (Sinclair & Chown’s (2006) data indicated that incubating birds raise nest 70 
temperatures by ca. 5°C compared with the surrounding soils). Limited recordings of nest 71 
temperatures suggested that they are close to the optimum temperature for caterpillar growth, 72 
and decrease the probability of repeated low temperature stresses which affect growth and 73 
survival (Sinclair & Chown 2005, 2006). 74 
Despite the major empirical requirements of this thermal ecosystem engineering 75 
hypothesis being addressed in its initial formulation, two significant pieces of evidence were 76 
missing. First, the temperature record on which the assumption of elevated temperatures 77 
during incubation was based, encompassed only 17 days in the austral autumn (April 2004). 78 
By contrast, wandering albatross nests are occupied for almost a full year (Ryan & Bester 79 
2008). Therefore, the extent to which a beneficial temperature effect might be realized both 80 
across cooler and warmer periods of the year was not determined. Increased temperatures in 81 
cool periods could increase the advantage of the nest habitat, but P. marioni growth and 82 
survival decreases at and above 15°C, making extensive warming during the summer 83 
potentially problematic (Haupt et al. 2014a). If caterpillars are routinely exposed to 84 
temperatures which compromise their fitness, wandering albatross nests would clearly be 85 
more harmful than beneficial. Second, the original study compared caterpillar biomass in 86 
recently abandoned nests (as a proxy for occupied nests which could not be sampled because 87 
doing so would disturb the birds) with old nests, making no distinction between nests from 88 
which chicks had fledged that season and older nests. This distinction is important because it 89 
Page 4 of 43Antarctic Science - For Review
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
5 
 
can provide insight into the duration of the increased abundance of caterpillars in nests. For 90 
example, if caterpillar biomass or abundance is high in nests from which chicks have recently 91 
fledged (but low in older nests), it can be assumed that the ecosystem engineering effect lasts 92 
the entire year of incubation, given that the wandering albatross lays in mid-summer, with 93 
eggs hatching in March and birds fledging the next summer (December to February) (Ryan & 94 
Bester 2008). By contrast, if abundance or biomass is low in both the previous season’s and 95 
older nests, it suggests that the engineering effect is restricted to the period during which 96 
incubation is actually occurring, and declines shortly thereafter.   97 
Here we address these gaps by providing temperatures from several nests across a full 98 
year of occupation and by comparing caterpillar abundances from old nests (chicks fledged or 99 
abandoned two or more seasons previously), those from which chicks have recently fledged 100 
(i.e. nests last warmed by birds ca. four months previously; based on records from the long-101 
term wandering albatross monitoring program on the island – Ryan & Bester 2008), and 102 
those which have been recently abandoned due to egg loss or young chick mortality (i.e. nests 103 
warmed by birds ca. 4-6 weeks prior to sampling). Our aim is to assess more 104 
comprehensively the extent to which the thermal ecosystem effect is being realized and the 105 
duration of carry-over of the effect after chick fledging.  106 
 107 
Materials and methods 108 
Study site and species  109 
Marion Island (46°54'S, 37°45'E) is part of the Prince Edward Island group. It is of volcanic 110 
origin, dominated by tundra and polar desert biomes, and has a mean annual temperature of 111 
ca. 6.5°C, 1900 mm total annual precipitation, and a windy climate (Chown & Froneman 112 
2008). The Prince Edward Islands support ca. 7300 adult wandering albatrosses 113 
(approximately 44% of the global population, Ryan & Bester 2008). Breeding pairs build 114 
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nests comprising large mounds of vegetation and peat collected from the surrounding area 115 
(Fig. 1). A single egg is laid and incubated over the austral summer, hatches in March, is 116 
incubated until the brood-guard phase is over (ca. 4-5 weeks later), and chicks fledge anytime 117 
between December and February (Ryan & Bester 2008). Nests are therefore occupied for 118 
almost a full year. House mice have been introduced to Marion Island (Chown & Froneman 119 
2008) and are associated with wandering albatross nests, affecting a small proportion of the 120 
chicks (Jones & Ryan 2010). 121 
The flightless moth Pringleophaga marioni is endemic to the Prince Edward Islands, 122 
and, apart from their occurrence in wandering albatross nests, all life stages are found in a 123 
range of habitats from salt spray plant communities on the coast, to microhabitats under 124 
stones and in mosses and cushion plants at elevations up to 800 m a.s.l. Larvae are most 125 
abundant in nutrient-enriched areas such as Poa cookii tussock grasslands and Cotula 126 
plumosa herbfield (Burger 1978, Crafford & Scholtz 1987). They have a mean critical 127 
thermal minimum (CTmin) of -0.6°C, freeze at -5.0°C, and show 100% survival of 12 h 128 
exposure to -6.0°C, but have 100% mortality after 18 h at -9.0°C (Klok & Chown 1997). 129 
Although they are moderately freeze-tolerant, repeated exposure to low temperatures reduces 130 
growth rate of the caterpillars (Sinclair & Chown 2005). Recent evidence has also resolved 131 
the life-cycle duration of the species (Haupt et al. 2014a). At 10°C, egg duration is 4-7 132 
weeks, larval duration ca. 46 weeks and pupal duration ca. 7 weeks, with a total life cycle of 133 
approximately one year. Although larval duration is much reduced (to ca. 17 weeks) at 15°C, 134 
survival is low. 135 
 136 
Microclimate measurements 137 
During the April-May relief voyage to Marion Island in 2011, ten occupied and ten 138 
abandoned wandering albatross nests were identified in the vicinity of the meteorological 139 
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station and along the route to Macaroni Bay on the East coast (Fig. 2). Two calibrated iButton 140 
thermocron dataloggers (Model DS1922L, Maxim Integrated, Fairbridge, South Africa) were 141 
attached to plastic cable-ties (to make relocation possible) and were inserted mid-height into 142 
the side of each nest (which means that the iButton loggers inside the nests were located 143 
approximately 7-10 cm above the surrounding ground level). The loggers recorded 144 
temperature (0.5°C resolution) at hourly intervals from May 2011 to March 2012. Care was 145 
taken not to damage the nest structure in any way, and albatross researchers assisted with 146 
iButton deployment into occupied nests during their routine surveys. Soil temperature was 147 
recorded hourly at 2cm depth by iButtons that were inserted in the side of plastic marker 148 
poles and placed into the soil 2 m away from each nest. For occupied nests, chick mortality or 149 
fledgling date was obtained from the albatross monitoring program’s records (see Crawford 150 
& Cooper 2003 for programme description). 151 
 152 
Sampling of nests and other habitats for caterpillars 153 
During the relief voyage of April/May 2012, 43 abandoned wandering albatross nests were 154 
identified between the meteorological station on Marion Island’s east coast to Ship’s Cove in 155 
the north and East Cape to the south (Fig. 2), excluding the wandering albatross long-term 156 
study colony at Macaroni Bay to which general entry is not permitted. Nests were located 157 
mainly in dry or wet mire communities, or along Blechnum penna-marina slopes (Gremmen 158 
1981). Following Sinclair & Chown (2006), only nests not currently occupied by birds were 159 
sampled. These were termed ‘abandoned nests’ and subsequently grouped into three types – 160 
old, fledged and new. The three categories of nests are as follows: 1) old, which were nests 161 
that had not been occupied for most of 2011 or the previous seasons, 2) fledged, which were 162 
nests that had been occupied the previous season, i.e. built in November 2010 and from 163 
which chicks had fledged between December 2011 and January 2012, and 3) new, which 164 
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were nests built for the current season, i.e. in November 2011, but had recently failed due to 165 
egg or young chick mortality. Researchers working over the 2011/2012 field season provided 166 
this information based on nest monitoring routinely conducted at the island. Fifteen new nests 167 
and fourteen of each of the fledged and old nests were selected as we came upon them and 168 
sampled across the area, within the constraints of the Prince Edward Islands Management 169 
Plan (Chown & Froneman 2008). 170 
We recorded the height and largest and smallest diameters of each nest, and noted the 171 
vegetation occurring on and surrounding the nest, the number of mouse burrows visible, and 172 
distance from the coast. The nest material was searched by hand for caterpillars by 2-4 173 
samplers, who completely dismantled the nest and searched all of the material for caterpillars. 174 
No time limit was set on the search, which was typically completed in 1-2 hours, after which 175 
the material was replaced to form an in situ mound. Caterpillars were placed in groups of ca. 176 
20 in 350 ml plastic jars filled with nest material and returned to the laboratory within six 177 
hours after collection.  Caterpillars were then separated from the nest material, counted and 178 
weighed (0.1 mg resolution; Mettler AE163, Mettler-Toledo Ltd, Cape Town, South Africa), 179 
and returned within 24 h to the nests from which they were collected. Individual caterpillar 180 
dry mass was estimated from a linear regression of dry on wet mass by using the mass of 138 181 
individuals dried at 60°C (dry mass (g) = 0.113311 × wet mass (g); intercept = 0) provided by 182 
Sinclair & Chown (2005). Because caterpillars are usually concentrated in the surface layers 183 
of the nest (T.M. Haupt, S.L. Chown, personal observations), caterpillar biomass and density 184 
in nests were expressed as mg.m-2 and numbers.m-2 respectively, with the surface area of each 185 
nest calculated as the area of an ellipse. 186 
Similar to Sinclair and Chown (2006), estimates of caterpillar biomass and density in 187 
nests in April and May 2012 were compared to those obtained from invertebrate surveys in 188 
April and May of 1997 (Hänel 1999). Although a 15 year time difference exists between the 189 
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habitat and albatross nest sampling events, the recent general decline in invertebrate densities 190 
in most habitats on Marion Island, largely owing to predation by introduced mice (Chown et 191 
al. 2002, Chown & Froneman 2008, also G.T.W. McClelland, A.E. Burger, R.J. van Aarde & 192 
S.L. Chown, unpublished data) biases our analysis against finding higher densities of 193 
caterpillars in nests. Dry caterpillar biomasses and numbers in nests were compared to those 194 
obtained by Hänel (1999) from hand-sorted 7 cm diameter soil cores on a per-surface-area 195 
basis. These previous data were collected in an island-wide stratified approach, covering the 196 
mire communities dominated by Sanionia uncinatus or Blepharidophyllum densifolium, and 197 
non-mires dominated by Poa cookii, Cotula plumosa or Crassula moschata.  198 
 199 
Statistical analyses 200 
Microclimate temperature data from occupied and abandoned nests, as well as adjacent soil 201 
habitats were divided into months, and for each month the mean, daily minimum and 202 
maximum, and absolute minimum and maximum temperatures were obtained. For each 203 
month, a generalized linear model (Gaussian distribution of errors, log-link in the case of 204 
absolute minimum and maximum as data were skewed), implemented in R version 3.0.0 (R 205 
Development Core Team, 2013), was used to compare temperature variables of occupied 206 
nests with those of abandoned nests and the adjacent soil habitats. For each nest and adjacent 207 
soil habitat, temperatures at which caterpillars are below their CTmin, i.e. < 0.2°C (because of 208 
the CTmin range of -1.6°C to 0.1°C), supercooling point, i.e. < -3.3°C (because of the 209 
supercooling range of -3.4°C to -7.1°C), and lower lethal temperature of < -8.9°C [based on 210 
100 % mortality at -9°C (Klok & Chown 1997)], were counted in Microsoft Excel (Microsoft 211 
Inc. Seattle, WA, USA).  212 
 Caterpillar abundance (i.e. biomass and density) was compared among nest types (old, 213 
fledged and new) using a generalized linear model (assuming a quasi-Poisson distribution of 214 
Page 9 of 43 Antarctic Science - For Review
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
10 
 
errors following Crawley 2012) implemented in R version 3.0.0. Because of relatively high 215 
numbers of zero counts in the samples from non-nest vegetation types, caterpillar biomass 216 
and density were compared among new nests and the vegetation types using a Hurdle model 217 
(with negative binomial distribution) (Zuur et al. 2009) implemented in R version 3.0.0 using 218 
the pscl library (Jackman 2014). 219 
 220 
Results 221 
Some iButtons either failed to record, were irrecoverable, or chicks had died soon after 222 
sampling of nest temperatures began (Supplemental Material Fig. S1), thus, temperature data 223 
were available for three occupied nests, eight soil habitats adjacent to occupied nests, five 224 
abandoned (fledged) nests, and five soil habitats adjacent to abandoned nests. Temperatures 225 
in occupied nests were higher than in other habitats (Fig. 3) with a broad range of daily 226 
minimum and maximum temperatures (Supplemental Material Table SI). Albatross research 227 
monitoring records indicate that the chicks began venturing away from the nests at the 228 
beginning of December and fledged at the end of the month. A decline in temperature of the 229 
now-vacant nests was noticeable at this point (Fig. 3). Whilst nests were occupied (May to 230 
December 2011) monthly temperature parameters (i.e. mean, daily minimum and maximum, 231 
and absolute minimum and maximum) were mostly significantly higher in occupied nests 232 
compared to adjacent soils, and compared to abandoned nests and adjacent soils (Table I). 233 
After chicks had fledged (i.e. ~ December 2011 and January 2012), there were mostly no 234 
significant differences in the monthly temperature parameters between these habitats (Table 235 
I), though where present these were between abandoned nests and soil sites, reflecting some 236 
spatial variation in microclimate. 237 
In occupied nests, CTmin threshold events (temperatures < 0.2°C) occurred on average 238 
50 times over the course of the year compared to 420 in abandoned nests and 842 in soil 239 
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habitats. The large number of events in the soils and abandoned nests reflect the repeated 240 
passing of the threshold given average temperatures close to zero in the winter months and 241 
unpredictability of temperature change at the island (Chown & Froneman 2008). The 242 
temperatures in nests or soils never reached the thresholds at which freezing (< -3.3°C), or 243 
death (lower lethal temperature < -8.9°C) occur. 244 
Caterpillar biomass and density in new nests was significantly higher than in old and 245 
fledged nests (Table II, Fig. 4). Moreover, the coefficient of variation of caterpillar biomass 246 
in new nests was lower than that found for fledged and old nests (Fig. 4). Compared to 247 
vegetation complexes sampled in April and May (1997), caterpillar biomass in new nests was 248 
significantly lower than in Sanionia uncinatus and Cotula plumosa, no different than in 249 
Crassula moschata, and significantly higher than in Blepharidophyllum densifolium and Poa 250 
cookii (Table III). Caterpillar density in new nests was significantly lower compared to S. 251 
uncinatus, C. plumosa and B. densifolium, and no different to that found in C. moschata and 252 
P. cookii (Table IV). By contrast, the coefficient of variation in nests, and new nests in 253 
particular, was 5-6 fold lower, in the latter case significantly (Fligner-Killeen test: X2 = 254 
102.5786, df = 16,  p < 0.0001), than in all other habitats (Fig. 4).  255 
 256 
Discussion  257 
Here we extend previous observations (Sinclair & Chown 2006) to show that wandering 258 
albatross nests are warmer than surrounding habitats for the duration of the albatross 259 
incubation period, and that this increased temperature substantially decreases the incidence of 260 
events below the CTmin of caterpillars. Like Sinclair and Chown (2006), we also find higher 261 
biomass and lower variance of caterpillars in new versus older nests.  However, dividing the 262 
‘old’ nests into those which fledged chicks and those which are more than one season old 263 
reveals that the decline in caterpillar abundance once the albatrosses leave is rapid (within 264 
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several months), suggesting a relatively short cycle during which the nest harbours a high 265 
density of caterpillars.  These observations are consistent with both the ca. 1 year life cycle 266 
proposed by Haupt et al. (2014a), and the thermal ecosystem engineering hypothesis. 267 
Unlike the previous investigation, which proposed the thermal ecosystem engineer 268 
hypothesis (Sinclair & Chown 2006), we found that caterpillar abundance or biomass is not 269 
always higher in newly abandoned nests than in other, non-nest habitats. Why is this the 270 
case? First, the finding might be a consequence of the difference in sampling methods 271 
between those used for nests and those used in the habitat surveys undertaken previously 272 
(Hänel 1999). The former included a relatively large area (whole nests, on average 7010 cm2) 273 
whereas the latter include quite small areas (7 cm diameter cores, area of 38.5 cm2) which are 274 
then scaled up to provide caterpillar abundance per m2. Indeed, larger census areas tend to 275 
bias density estimates downwards (Gaston et al. 1999), and this may have had an effect here, 276 
though the same effect should have been realized for the previous investigation. Second, it is 277 
clear that abundances are naturally dynamic and expected to vary from year to year, even 278 
though previous studies have suggested lower, short-term interannual abundance variation 279 
characterizes many arthropod species on Marion Island compared with those elsewhere 280 
(Crafford et al. 1986, Barendse & Chown 2001). Alternatively, declining abundances across 281 
the island associated with the impact of house mice and their use of different habitats (Chown 282 
et al. 2002, Smith et al. 2002) might also be causing variation in abundances among years. 283 
Nonetheless, the consistently low coefficient of variation in biomass/density among new 284 
nests, compared with other nest types and non-nest habitats, is in keeping with Sinclair & 285 
Chown’s (2006) investigation. It shows, together with relatively high abundances, that new 286 
nest habitats are consistently good habitats for caterpillars, and more so than might be 287 
expected for any other habitat type sampled on the island. In consequence, it appears that 288 
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wandering albatrosses do serve as ecosystem engineers, although the magnitude of the effect 289 
is likely to vary among individual nests. 290 
The thermal ecosystem engineering hypothesis relies on increased temperatures 291 
(closer to optima for caterpillar growth and survival) for the duration of incubation (Sinclair 292 
& Chown 2006). Our year-long temperature dataset confirms that this is the case for the 293 
entire period that nests are occupied: whilst nests were fully occupied (i.e. between May 2011 294 
and November 2012), mean temperatures were anywhere between 8°C and 16°C. By 295 
contrast, mean temperatures in abandoned nests and surrounding soils were between 3°C and 296 
10°C during the monitoring period, and when nests were abandoned, or once chicks left the 297 
nest, temperatures rapidly converged with those of the surrounding environment. Thus, 298 
caterpillars in occupied nests are less likely to encounter critical temperatures that limit 299 
activity and are likely to be consistently closer to optima for growth, than are caterpillars in 300 
other environments. Although temperatures in nests occasionally reach values that are 301 
inimical to growth (i.e. ≥ 15°C), fluctuating temperatures that include these higher values 302 
have less impact than constant exposure to these temperatures and seem to result in growth 303 
that is close to the optimum rate, with minimal impact on survival (at a fluctuating 304 
temperature of 5-15°C the larval stage is 37 weeks) (Haupt et al. 2014a; see also Colinet et 305 
al. 2015 for general discussion of fluctuating temperatures).  306 
We expect that these increased nest temperatures will lead to faster development of 307 
caterpillars.  Based on a sum of effective temperatures of 227 degree days for completion of 308 
the larval stage, with a lower development threshold of 0.8°C (Haupt et al. 2014a), the 309 
temperature data suggest that caterpillars are likely to complete their life cycle within 30 310 
weeks in occupied nests, but in about a year in unoccupied nest (or non-nest) habitats. This 311 
increase in development time is consistent with the thermal ecosystem engineering 312 
hypothesis, and also with the relatively low caterpillar abundance in nests from which chicks 313 
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have fledged: we expect that the majority of caterpillars from those nests have already 314 
completed development and left the nest at the time of sampling.   315 
An alternative explanation for the rapid decrease in caterpillar abundance is that 316 
albatross adults and later on chicks themselves discourage introduced house mice, which are 317 
major predators of P. marioni caterpillars (Smith et al. 2002), from occupied nests, reducing 318 
caterpillar predation pressure. However, numbers of mouse burrows do not differ among nest 319 
categories (means ± s.d. (n), old: 1.6 ± 1.8 (14); fledged 2.3 ± 2.7 (14); new: 3.1 ± 3.0 (15); 320 
generalized linear model, quasi-poisson distribution, p > 0.44), and the impact of mice on 321 
albatross chicks (Jones & Ryan 2010) suggests that albatross presence does not particularly 322 
deter the activities of mice at the nest. 323 
The low abundance of caterpillars in nests that have not been recently occupied 324 
suggests that there is differential colonisation of newly-built albatross nests.  Information on 325 
caterpillar chemosensory and thermal cue responses show that they are unlikely to seek out 326 
nests actively (Haupt et al. 2014b). It is not known whether adult moths seek out nests, as is 327 
common in other Lepidoptera, but given the short lifespan and low vagility of the adult 328 
female moths (Crafford et al. 1986), coupled with the presence of P. marioni larvae across a 329 
range of habitats far from albatross nests (Burger 1978, Crafford et al. 1986), this seems 330 
unlikely (Haupt et al. 2014b). An alternative explanation is that caterpillars or eggs are 331 
serendipitously incorporated into the nests as adult albatrosses construct them from the 332 
surrounding vegetation (Warham 1997, Ryan & Bester 2008), which often includes Poa 333 
cookii and bryophytes such as Blepharidophyllum densifolium (observation of 60 nests 334 
indicated that P. cookii was used for construction of 49 of the nests and mosses in the same 335 
number, though not necessarily the same nests; data available on request) which have high 336 
densities or biomasses of caterpillars (Burger 1978, Crafford & Scholtz 1987, Chown et al. 337 
2002). 338 
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Indeed, this can be estimated based on what is known of albatross nest size and 339 
caterpillar biomass per m2. The mean volume of a new nest is 175 235 cm3 (n=15). To 340 
construct such a nest assume an albatross would need to collect 8.7 times the volume of a 341 
standardized area used for expressing caterpillar biomass (i.e. 1 m2 × 2 cm, assuming 342 
caterpillars occupy only the top 2 cm of substrate, which = 20 000 cm3). Assume that, from 343 
Hanel’s (1999) data, caterpillar density is on average 26 caterpillars.m-3 in P. cookii-344 
dominated or 52 caterpillars.m-3 in S. uncinata bryophyte-dominated habitats. This suggests 345 
that albatrosses might incidentally collect somewhere between 230 and 450 caterpillars 346 
during their activity. Making the conservative assumption that somewhere between 10 and 347 
50% of individuals actually end up being incorporated into nests, this suggests that nests 348 
should have somewhere between 23 and 200 caterpillars. Our counts from new nests vary 349 
between 33 and 148. The estimates are within the same order of magnitude, suggesting that 350 
the idea is plausible. Once caterpillars or eggs are added to the nests, favourable nest 351 
conditions improve caterpillar growth and survival. Thus, although it is clear that a thermal 352 
ecosystem engineering effect on caterpillar performance is realized, the high abundance in 353 
nests may be serendipitous. 354 
 355 
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Supplemental Material 364 
Fig. S1. An example of an occupied nest (April 2011 – April 2012) where the chick had died 365 
from natural causes in June 2011 soon after iButtons were deployed. A substantial drop in 366 
temperature was observed at this time (indicated by the red arrow). 367 
 368 
Table SI. The mean, mean daily minimum, mean daily maximum, absolute minimum and 369 
absolute maximum temperatures are shown for each month between May 2011 and March 370 
2012 for occupied nests (ON), soil adjacent to occupied nests (OS), abandoned nests (AN) 371 
and soil adjacent to abandoned nests (AS). 372 
 373 
Table SII. Outputs of the Generalized linear models (Gaussian distribution of errors, log-link 374 
for absolute minimum and maximum only) comparing monthly temperature parameters (i.e. 375 
mean, daily minimum and maximum, and absolute minimum and maximum temperatures 376 
from May 2011 to March 2012) of occupied nests with that of adjacent soils (OS), abandoned 377 
nests (AN) and soils adjacent to abandoned nests (AS). 378 
  379 
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Table I. For each monthly temperature parameter, habitats which had significantly lower temperatures compared to occupied nests are shown. 
These are: soil adjacent to occupied nests (OS), abandoned nest (AN) and soil adjacent to abandoned nests (AS). Non-significant differences 
between occupied nests and other habitats are indicated by “ns”. The single instance where temperatures were significantly lower in occupied 
nests compared to other habitats is indicated by * (see Supplemental Material Table S2 for full statistical results).  
 
  Mean Daily minimum  Daily maximum Absolute minimum Absolute maximum 
May '11 OS, AN, AS OS, AN, AS OS, AN, AS OS, AN, AS OS, AN, AS 
 
June '11 OS, AN, AS OS, AN, AS OS, AN, AS OS, AN, AS OS, AN, AS 
 
July '11 OS, AN, AS OS, AN, AS OS, AN, AS OS, AN, AS OS, AN, AS 
 
Aug. '11 OS, AN, AS OS, AN, AS OS, AN, AS OS, AN, AS OS, AN, AS 
 
Sep. '11 OS, AN, AS OS, AN, AS OS, AN, AS ns OS, AN, AS 
 
Oct. '11 OS, AN, AS OS, AN, AS OS, AN, AS OS, AN, AS OS, AN, AS 
 
Nov. '11 OS, AN, AS ns OS, AN, AS ns OS, AN 
 
Dec. '11 OS, AN, AS ns OS, AN, AS ns OS, AN 
 
Jan. '12 AN ns AN, AS * AN, AS 
 
Feb. '12 ns ns AN, AS ns AN, AS 
 
March '12 AN ns AN, AS ns AS 
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Table II. Outcomes of the generalized linear models (negative binomial distribution of 
errors, log link function) comparing caterpillar biomass (mg.m-2) or density (numbers.m-2) in 
new, old and fledged nests. 
 Biomass Estimate s.e. z P 
Intercept 7.042 0.194 36.238 < 0.0001 
Fledged -2.350 0.281 -8.371 < 0.0001 
Old -6.637 0.355 -18.713 < 0.0001 
Residual deviance: 48.068 on 40 degrees of freedom   
 Density Estimate s.e. z P 
Intercept 4.653 0.167 27.812 < 0.0001 
Fledged -2.236 0.252 -8.861 < 0.0001 
Old -7.292 1.028 -7.092 < 0.0001 
Residual deviance: 35.606 on 40 degrees of freedom  
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Table III. Outcome of the hurdle model comparing caterpillar biomass (mg.m-2) in new nests 
with that found in five vegetation complexes (Blepharidophyllum densifolium, Cotula 
plumosa, Crassula moschata, Poa cookii and Sanionia uncinatus) in April and May 1997 
(Hänel 1999)).   
Count model coefficients (truncated negative binomial with log link):   
  Estimate s.e. z P 
Intercept 7.042 0.184 38.249 < 0.0001 
B. densifolium -1.485 0.739 -2.011 0.0443 
C. plumosa 1.291 0.537 2.406 0.0161 
C. moschata -0.565 0.737 -0.767 0.4432 
P. cookii -1.992 0.740 -2.691 0.0071 
S. uncinatus 1.333 0.537 2.485 0.0129 
Log(theta) 0.678 0.281 2.416 0.016 
Zero hurdle model coefficients (binomial with logit link):     
  Estimate s.e. z P 
Intercept 19.570 4577.960 0.004 0.9970 
B. densifolium -21.760 4577.960 -0.005 0.9960 
C. plumosa -20.950 4577.960 -0.005 0.9960 
C. moschata -21.760 4577.960 -0.005 0.9960 
P. cookii -21.760 4577.960 -0.005 0.9960 
S. uncinatus -20.950 4577.960 -0.005 0.9960 
Log-likelihood: -195.5 on 13 degrees of freedom 
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Table IV. Outcome of the hurdle model comparing caterpillar density (numbers.m-2) in new 
nests with that found in five vegetation complexes (Blepharidophyllum densifolium, Cotula 
plumosa, Crassula moschata, Poa cookii and Sanionia uncinatus) in April and May 1997 
(Hänel 1999)). 
Count model coefficients (truncated negative binomial with log link):   
  Estimate s.e. z P 
Intercept 4.653 0.142 32.848 < 0.0001 
B. densifolium 2.986 0.559 5.346 < 0.0001 
C. plumosa 1.313 0.409 3.212 0.0013 
C. moschata 0.907 0.562 1.616 0.1062 
P. cookii 0.907 0.562 1.616 0.1062 
S. uncinatus 0.907 0.410 2.216 0.0267 
Log(theta) 1.238 0.302 4.080 < 0.0001 
Zero hurdle model coefficients (binomial with logit link):     
  Estimate s.e. z P 
Intercept 19.570 4577.960 -0.004 0.9970 
B. densifolium -21.760 4577.960 -0.005 0.9960 
C. plumosa -20.950 4577.960 -0.005 0.9960 
C. moschata -21.760 4577.960 -0.005 0.9960 
P. cookii -21.760 4577.960 -0.005 0.9960 
S. uncinatus -20.950 4577.960 -0.005 0.9960 
Log-likelihood: -147.1 on 13 degrees of freedom 
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Figure legends 
Fig. 1. Wandering albatross nests on sub-Antarctic Marion Island illustrating the form and 
structure of the nests. Note in the occupied nests the presence of Poa cookii, and bryophytes 
incorporated into the nest shown top right. The image on the bottom left is of a recently 
abandoned nest (note eggshell fragments in the bottom left corner of the image, and two clear 
mouse burrows), and the image on the bottom right is of a long-abandoned nest, now 
overgrown. 
Fig. 2. Sampling locations of abandoned wandering albatross nests (triangles) along Marion 
Island’s East coast between the meteorological station and Ship’s Cove (to the north) and 
East Cape (to the south). The insets show the position of Marion Island in the Southern 
Ocean (top) and of the location of the study site on Marion Island (bottom). 
Fig. 3. Mean (± SE) of temperature recorded in occupied and abandoned wandering albatross 
(Diomedea exulans) nests as well as soil habitats adjacent to these nests, from May 2011 to 
March 2012. Note that the period where temperatures begin to converge in December 2011 
among nest types is coincident with the period when chicks begin venturing away from nests 
and then fledge. 
Fig. 4. Mean (± SE) and coefficient of variation (CV) of biomass (mg.m-2), and density 
(numbers.m-2) of Pringleophaga marioni caterpillars in eight habitat types on Marion Island: 
five vegetation complexes sampled by Hänel (1999) in April or May 1997 (Poa cookii, 
Cotula plumosa, Crassula moschata, Blepharidophyllum densifolium and Sanionia 
uncinatus), and old, fledged and new nests sampled in this study.  
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Supplemental material 
Further support for thermal ecosystem engineering by wandering albatross on Marion 
Island 
TANYA M. HAUPT, BRENT J. SINCLAIR, JUSTINE D. SHAW and STEVEN L. 
CHOWN 
 
Fig. S1. An example of an occupied nest (April 2011 – April 2012) where the chick had died 
in June 2011 soon after iButtons were deployed. A substantial drop in temperature was 
observed at this time (indicated by the red arrow).   
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Table SI. The mean, mean daily minimum, mean daily maximum, absolute minimum and 
absolute maximum temperatures are shown for each month between May 2011 and March 
2012 for occupied nests (ON), soil adjacent to occupied nests (OS), abandoned nests (AN) 
and soil adjacent to abandoned nests (AS). 
Month 
Habitat 
type Mean 
Daily 
minimum 
Daily 
maximum 
Absolute 
minimum 
Absolute 
maximum 
May' 11 ON 12.1 11.4 12.9 8.6 15.2 
 
OS 5.4 4.5 6.7 2.1 2.1 
AN 5.3 4.7 6.1 2.6 8.1 
AS 4.8 3.2 6.6 1.0 9.5 
June' 11 ON 12.3 11.3 13.5 5.1 18.7 
OS 3.7 3.1 4.7 1.6 7.4 
AN 3.7 3.3 4.3 1.6 7.6 
AS 3.1 2.2 4.1 0.5 6.5 
July' 11 ON 13.5 12.2 15.1 3.6 20.7 
 
OS 3.8 2.9 4.7 1.1 7.4 
 
AN 3.7 3.1 4.3 1.1 6.6 
 
AS 3.0 2.4 4.1 0.5 7.5 
Aug.2011 ON 15.9 12.7 19.1 4.1 22.2 
OS 5.5 4.1 6.4 1.6 8.6 
AN 5.0 4.4 6.1 1.6 8.1 
AS 4.6 3.6 5.8 1.5 9.0 
Sep.2011 ON 11.2 8.9 13.6 0.1 21.7 
OS 3.8 2.6 4.8 0.6 7.4 
 
AN 3.4 2.9 4.2 0.6 7.1 
 
AS 2.9 1.9 4.4 0.0 8.0 
Oct.2011 ON 12.9 9.4 17.1 5.1 23.7 
 
OS 5.9 4.3 7.6 1.8 11.9 
AN 5.2 4.2 6.2 1.6 10.1 
AS 5.7 3.7 8.2 1.5 13.0 
Nov.2011 ON 7.6 3.8 12.4 1.6 15.7 
OS 6.9 5.3 9.0 2.6 12.7 
AN 6.2 5.1 7.1 2.6 9.2 
AS 7.1 4.0 10.5 1.0 14.5 
Dec.2011 ON 10.8 6.6 15.1 3.1 21.7 
 
OS 10.2 8.3 12.2 5.6 16.7 
 
AN 9.2 8.2 10.2 5.6 12.2 
 
AS 10.3 8.1 13.1 4.5 18.5 
Jan.'12 ON 10.7 9.6 12.1 7.1 15.7 
OS 10.5 8.5 13.1 6.6 17.7 
AN 9.6 8.5 10.7 6.1 13.7 
AS 10.4 9.6 11.4 7.5 13.5 
Feb.'12 ON 9.9 9.0 11.2 6.1 15.2 
OS 9.7 8.0 12.0 5.3 17.4 
 
AN 9.2 8.2 10.1 5.6 13.7 
 
AS 9.2 8.2 10.3 6.5 13.0 
Mar.'12 ON 9.0 8.1 10.1 4.6 13.2 
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OS 8.8 7.6 10.4 4.1 13.9 
AN 8.4 7.6 9.1 4.1 11.6 
  AS 8.3 7.6 9.4 5.5 11.5 
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Table SII. Outputs of the Generalized linear models (Gaussian distribution of errors, log-link 
for absolute minimum and maximum only) comparing monthly temperature parameters (i.e. 
mean, daily minimum and maximum, and absolute minimum and maximum temperatures 
from May 2011 to March 2012) of occupied nests with that of adjacent soils (OS), abandoned 
nests (AN) and soils adjacent to abandoned nests (AS). 
May 2011 
    Estimate s.e. t P 
Mean 
intercept 13.080 0.811 16.137 <0.0001 
type (AN) -7.804 1.025 -7.612 <0.0001 
type  (AS) -8.497 1.025 -8.287 <0.0001 
type (OS) -7.669 0.951 -8.068 <0.0001 
 
     
Daily minimum 
intercept 12.222 1.129 10.824 <0.0001 
type (AN) -7.586 1.428 -5.311 <0.0001 
type  (AS) -9.069 1.428 -6.350 <0.0001 
type (OS) -7.016 1.324 -5.299 <0.0001 
 
Daily maximum 
intercept 13.956 0.931 14.985 <0.0001 
type (AN) -8.021 1.178 -6.809 <0.0001 
type  (AS) -7.578 1.178 -6.433 <0.0001 
type (OS) -7.340 1.092 -6.721 <0.0001 
 
Absolute 
minimum 
intercept 5.640 0.003 2147.634 <0.0001 
type (AN) -0.022 0.003 -6.642 <0.0001 
type  (AS) -0.027 0.003 -7.916 <0.0001 
type (OS) -0.022 0.003 -7.034 <0.0001 
 
     
Absolute 
maximum 
intercept 2.792 0.062 44.741 <0.0001 
type (AN) -0.672 0.113 -5.929 <0.0001 
type  (AS) -0.538 0.104 -5.192 <0.0001 
type (OS) -0.554 0.091 -6.073 <0.0001 
s.e. = standard error   
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table S2 cont. 
June 2011 
    Estimate s.e. t P 
Mean 
intercept 11.702 0.857 13.648 <0.0001 
type (AN) -8.079 1.085 -7.449 <0.0001 
type  (AS) -8.864 1.085 -8.173 <0.0001 
type (OS) -7.897 1.005 -7.855 <0.0001 
 
     
Daily minimum 
intercept 10.491 0.747 14.050 <0.0001 
type (AN) -7.378 0.944 -7.812 <0.0001 
type  (AS) -8.499 0.944 -8.999 <0.0001 
type (OS) -7.353 0.876 -8.398 <0.0001 
 
Daily maximum 
intercept 12.838 0.971 13.223 <0.0001 
type (AN) -8.626 1.228 -7.024 <0.0001 
type  (AS) -8.974 1.228 -7.308 <0.0001 
type (OS) -8.209 1.138 -7.210 <0.0001 
 
     
Absolute 
minimum 
intercept 5.631 0.002 3013.779 <0.0001 
type (AN) -0.016 0.002 -6.666 <0.0001 
type  (AS) -0.020 0.002 -8.310 <0.0001 
type (OS) -0.016 0.002 -7.073 <0.0001 
 
Absolute 
maximum 
intercept 2.862 0.076 37.778 <0.0001 
type (AN) -0.898 0.163 -5.518 <0.0001 
type  (AS) -0.956 0.170 -5.611 <0.0001 
type (OS) -0.881 0.135 -6.518 <0.0001 
s.e. = standard error 
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table S2 cont. 
July 2011 
    Estimate s.e. t P 
Mean 
intercept 11.857 0.817 14.512 <0.0001 
type (AN) -8.348 1.034 -8.077 <0.0001 
type  (AS) -8.967 1.034 -8.676 <0.0001 
type (OS) -8.062 0.958 -8.415 <0.0001 
 
     
Daily minimum 
intercept 10.490 0.715 14.677 <0.0001 
type (AN) -7.609 0.904 -8.416 <0.0001 
type  (AS) -8.442 0.904 -9.338 <0.0001 
type (OS) -7.508 0.838 -8.958 <0.0001 
 
Daily maximum 
intercept 13.288 0.940 14.137 <0.0001 
type (AN) -9.104 1.189 -7.657 <0.0001 
type  (AS) -9.510 1.189 -7.999 <0.0001 
type (OS) -8.632 1.102 -7.832 <0.0001 
 
     
Absolute 
minimum 
intercept 5.624 0.003 1833.989 <0.0001 
type (AN) -0.011 0.004 -2.776 0.0129 
type  (AS) -0.013 0.004 -3.407 0.0034 
type (OS) -0.010 0.004 -2.754 0.0136 
 
Absolute 
maximum 
intercept 2.917 0.082 35.525 <0.0001 
type (AN) -0.997 0.191 -5.221 <0.0001 
type  (AS) -0.916 0.179 -5.119 <0.0001 
type (OS) -0.886 0.147 -6.025 <0.0001 
s.e. = standard error 
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table S2 cont. 
August 2011 
    Estimate s.e. t P 
Mean 
intercept 14.202 0.959 14.811 <0.0001 
type (AN) -9.208 1.213 -7.591 <0.0001 
type  (AS) -9.578 1.213 -7.896 <0.0001 
type (OS) -8.876 1.124 -7.893 <0.0001 
 
     
Daily minimum 
intercept 11.952 0.761 15.709 <0.0001 
type (AN) -7.824 0.962 -8.130 <0.0001 
type  (AS) -8.492 0.962 -8.824 <0.0001 
type (OS) -7.737 0.892 -8.672 <0.0001 
 
Daily maximum 
intercept 16.236 1.179 13.775 <0.0001 
type (AN) -10.329 1.491 -6.929 <0.0001 
type  (AS) -10.446 1.491 -7.007 <0.0001 
type (OS) -9.801 1.382 -7.092 <0.0001 
 
     
Absolute 
minimum 
intercept 5.628 0.004 1322.555 <0.0001 
type (AN) -0.013 0.005 -2.438 0.0260 
type  (AS) -0.015 0.005 -2.704 0.0151 
type (OS) -0.012 0.005 -2.459 0.0250 
 
Absolute 
maximum 
intercept 3.036 0.078 39.139 <0.0001 
type (AN) -0.953 0.174 -5.474 <0.0001 
type  (AS) -0.873 0.163 -5.341 <0.0001 
type (OS) -0.853 0.136 -6.279 <0.0001 
s.e. = standard error 
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table S2 cont. 
September 2011 
    Estimate s.e. t P 
Mean 
intercept 10.816 0.645 16.778 <0.0001 
type (AN) -7.709 0.815 -9.454 <0.0001 
type  (AS) -7.582 0.815 -9.298 <0.0001 
type (OS) -7.108 0.756 -9.403 <0.0001 
 
     
Daily minimum 
intercept 8.275 0.388 21.330 <0.0001 
type (AN) -5.897 0.491 -12.020 <0.0001 
type  (AS) -6.245 0.491 -12.730 <0.0001 
type (OS) -5.529 0.455 -12.150 <0.0001 
 
Daily maximum 
intercept 13.266 0.975 13.608 <0.0001 
type (AN) -9.302 1.233 -7.544 <0.0001 
type  (AS) -8.739 1.233 -7.087 <0.0001 
type (OS) -8.555 1.143 -7.484 <0.0001 
 
     
Absolute 
minimum 
intercept 5.615 0.002 2785.229 <0.0001 
type (AN) -0.004 0.003 -1.521 0.1470 
type  (AS) -0.004 0.003 -1.649 0.1180 
type (OS) -0.002 0.002 -0.725 0.4780 
 
Absolute 
maximum 
intercept 3.012 0.078 38.427 <0.0001 
type (AN) -1.077 0.195 -5.531 <0.0001 
type  (AS) -0.971 0.178 -5.441 <0.0001 
type (OS) -0.989 0.151 -6.550 <0.0001 
s.e. = standard error   
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table S2 cont. 
October 2011 
    Estimate s.e. t P 
Mean 
intercept 12.318 0.408 30.170 <0.0001 
type (AN) -7.257 0.516 -14.050 <0.0001 
type  (AS) -6.646 0.516 -12.870 <0.0001 
type (OS) -6.400 0.479 -13.370 <0.0001 
 
     
Daily minimum 
intercept 9.285 0.259 35.860 <0.0001 
type (AN) -5.154 0.328 -15.730 <0.0001 
type  (AS) -5.442 0.328 -16.610 <0.0001 
type (OS) -4.857 0.304 -15.990 <0.0001 
 
Daily maximum 
intercept 15.256 0.802 19.026 <0.0001 
type (AN) -9.122 1.014 -8.994 <0.0001 
type  (AS) -7.292 1.014 -7.190 <0.0001 
type (OS) -7.507 0.940 -7.984 <0.0001 
 
     
Absolute 
minimum 
intercept 5.625 0.002 2616.849 <0.0001 
type (AN) -0.010 0.003 -3.594 0.0022 
type  (AS) -0.010 0.003 -3.590 0.0023 
type (OS) -0.008 0.003 -3.228 0.0049 
 
Absolute 
maximum 
intercept 3.098 0.077 40.458 <0.0001 
type (AN) -0.843 0.158 -5.347 <0.0001 
type  (AS) -0.481 0.123 -3.917 0.0011 
type (OS) -0.623 0.116 -5.359 <0.0001 
s.e. = standard error 
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table S2 cont. 
November 2011 
    Estimate s.e. t P 
Mean 
intercept 8.763 0.521 16.834 <0.0001 
type (AN) -2.764 0.658 -4.198 0.0006 
type  (AS) -1.856 0.658 -2.818 0.0119 
type (OS) -1.792 0.610 -2.936 0.0092 
 
     
Daily minimum 
intercept 5.401 0.982 5.502 <0.0001 
type (AN) -0.492 1.242 -0.396 0.6970 
type  (AS) -1.214 1.242 -0.978 0.3420 
type (OS) -0.184 1.151 -0.160 0.8750 
 
Daily maximum 
intercept 13.635 0.830 16.431 <0.0001 
type (AN) -6.385 1.050 -6.083 <0.0001 
type  (AS) -2.821 1.050 -2.688 0.0156 
type (OS) -4.391 0.973 -4.513 0.0003 
 
     
Absolute 
minimum 
intercept 5.619 0.003 1641.753 <0.0001 
type (AN) -0.0001 0.004 -0.018 0.9860 
type  (AS) -0.005 0.004 -1.110 0.2820 
type (OS) 0.001 0.004 0.164 0.8720 
 
Absolute 
maximum 
intercept 2.792 0.066 42.253 <0.0001 
type (AN) -0.506 0.108 -4.705 0.0002 
type  (AS) -0.071 0.086 -0.828 0.4193 
type (OS) -0.231 0.083 -2.770 0.0131 
s.e. = standard error 
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table S2 cont. 
December 2011 
    Estimate s.e. t P 
Mean 
intercept 11.055 0.333 33.187 <0.0001 
type (AN) -1.844 0.421 -4.377 0.0004 
type  (AS) -0.971 0.421 -2.305 0.0341 
type (OS) -0.934 0.391 -2.392 0.0286 
 
     
Daily minimum 
intercept 8.214 0.608 13.513 <0.0001 
type (AN) 0.062 0.769 0.080 0.9370 
type  (AS) -0.369 0.769 -0.480 0.6370 
type (OS) 0.158 0.713 0.222 0.8270 
 
Daily maximum 
intercept 15.031 0.946 15.893 <0.0001 
type (AN) -4.809 1.196 -4.020 0.0009 
type  (AS) -3.150 1.196 -2.633 0.0174 
type (OS) -2.651 1.109 -2.391 0.0287 
 
     
Absolute 
minimum 
intercept 5.622 0.003 1620.944 <0.0001 
type (AN) 0.008 0.004 1.885 0.0766 
type  (AS) 0.004 0.004 0.964 0.3485 
type (OS) 0.008 0.004 1.941 0.0690 
 
Absolute 
maximum 
intercept 3.135 0.079 39.657 <0.0001 
type (AN) -0.614 0.138 -4.447 0.0004 
type  (AS) -0.212 0.109 -1.937 0.0695 
type (OS) -0.327 0.104 -3.150 0.0058 
s.e. = standard error   
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table S2 cont. 
January 2012 
    Estimate s.e. t P 
Mean 
intercept 10.632 0.338 31.468 <0.0001 
type (AN) -1.169 0.427 -2.735 0.0141 
type  (AS) -0.428 0.427 -1.001 0.3310 
type (OS) -0.130 0.396 -0.328 0.7467 
 
     
Daily minimum 
intercept 8.505 0.485 17.529 <0.0001 
type (AN) 0.011 0.614 0.017 0.9870 
type  (AS) 0.859 0.614 1.399 0.1800 
type (OS) -0.019 0.569 -0.034 0.9730 
 
Daily maximum 
intercept 13.395 0.752 17.818 <0.0001 
type (AN) -2.869 0.951 -3.017 0.0078 
type  (AS) -2.225 0.951 -2.340 0.0318 
type (OS) -0.272 0.882 -0.309 0.7612 
 
     
Absolute 
minimum 
intercept 5.632 0.002 3056.056 <0.0001 
type (AN) 0.0004 0.002 0.163 0.8727 
type  (AS) 0.005 0.002 2.279 0.0359 
type (OS) 0.001 0.002 0.318 0.7547 
 
Absolute 
maximum 
intercept 2.852 0.063 45.167 <0.0001 
type (AN) -0.276 0.090 -3.056 0.0072 
type  (AS) -0.235 0.088 -2.655 0.0167 
type (OS) -0.003 0.074 -0.039 0.9695 
s.e. = standard error   
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table S2 cont. 
February 2012 
    Estimate s.e. t P 
Mean 
intercept 9.792 0.331 29.618 <0.0001 
type (AN) -0.795 0.418 -1.901 0.0743 
type  (AS) -0.329 0.418 -0.787 0.442 
type (OS) -0.105 0.3877 -0.271 0.7897 
 
     
Daily minimum 
intercept 8.006 0.475 16.858 <0.0001 
type (AN) 0.157 0.601 0.261 0.7970 
type  (AS) 0.691 0.601 1.150 0.2660 
type (OS) -0.046 0.557 -0.082 0.9360 
 
Daily maximum 
intercept 12.171 0.611 19.920 <0.0001 
type (AN) -2.241 0.773 -2.899 0.0100 
type  (AS) -1.853 0.773 -2.398 0.0282 
type (OS) -0.327 0.717 -0.456 0.6540 
 
     
Absolute 
minimum 
intercept 5.628 0.002 2614.939 <0.0001 
type (AN) 0.002 0.003 0.892 0.3848 
type  (AS) 0.005 0.003 1.923 0.0714 
type (OS) 0.001 0.003 0.334 0.7425 
 
Absolute 
maximum 
intercept 2.842 0.069 41.310 <0.0001 
type (AN) -0.221 0.096 -2.312 0.0335 
type  (AS) -0.247 0.097 -2.550 0.0207 
type (OS) -0.008 0.081 -0.096 0.9247 
s.e. = standard error 
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table S2 cont. 
March 2012 
    Estimate s.e. t P 
Mean 
intercept 8.875 0.252 35.189 <0.0001 
type (AN) -0.675 0.319 -2.115 0.0495 
type  (AS) -0.369 0.319 -1.157 0.2633 
type (OS) -0.059 0.296 -0.200 0.8438 
 
     
Daily minimum 
intercept 7.485 0.374 20.014 <0.0001 
type (AN) -0.091 0.473 -0.192 0.8500 
type  (AS) 0.382 0.473 0.808 0.4300 
type (OS) 0.049 0.439 0.111 0.9130 
 
Daily maximum 
intercept 10.642 0.415 25.619 <0.0001 
type (AN) -1.493 0.525 -2.842 0.0113 
type  (AS) -1.478 0.525 -2.812 0.0120 
type (OS) -0.259 0.487 -0.532 0.6014 
 
     
Absolute 
minimum 
intercept 0.0003 0.002 2443.500 <0.0001 
type (AN) 0.000 0.003 0.090 0.9290 
type  (AS) 0.004 0.003 1.440 0.1680 
type (OS) 0.001 0.003 0.230 0.8200 
 
Absolute 
maximum 
intercept 2.661 0.062 42.588 <0.0001 
type (AN) -0.189 0.086 -2.213 0.0509 
type  (AS) -0.185 0.085 -2.163 0.0450 
type (OS) -0.026 0.074 -0.346 0.7337 
s.e. = standard error 
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